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Reactor neutrinos play a substantial role in the study of the funda-
mental properties of neutrinos. With current and upcoming precision
experiments, it is essential more than ever to understand the reactor neu-
trino flux and spectrum. However, two discrepancies between prediction
and measurement are observed. On the one hand, there is a ∼6% total
measured flux deficit, known as the reactor antineutrino anomaly, con-
sistently seen by several experiments at short baselines. On the other
hand, there is an observed excess over prediction for νe energies between
5− 7 MeV. We discuss current status of the experimental measurements
and provide an outlook.
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1 Introduction
Nuclear reactors are a powerful source of pure low energy electron antineutrinos.
They have been used to study fundamental neutrino properties over decades spanning
from the discovery of neutrino, precisely electron antineutrino, in Savannah River
experiment [1], through a period of measurements in the 80s and 90s [2, 3, 4, 5, 6]
with a series of short baseline experiments, until the first observation of ∆m221-driven
neutrino oscillations measured by KamLAND experiment [7].
The current generation of large scale reactor neutrino experiments (Daya Bay,
RENO, Double Chooz) ware designed to study νe disappearance at distances ∼1 km
and discovered new mode of neutrino oscillations expressed by a non-zero value of the
θ13 mixing angle [8, 9, 10]. These experiments use near and far detectors to cancel out
systematics from the reactor neutrino prediction. The unprecedentedly large statistics
of antineutrinos collected in these near detectors, as an example Daya Bay’s more then
2.2 million events [11], allows to study in detail the reactor neutrino flux and spectrum.
The experiments have confirmed the so-called reactor antineutrino anomaly, when
they measured about 6% lower overall flux compared to the reevaluated prediction
from 2011 [12, 13]. Daya Bay recently provided a closer look to the measured deficit,
being able to disentangle contribution from particular isotopes while investigating
nuclear fuel evolution. In addition to the flux discrepancy, these experiments, as well
as other short baseline experiments such as NEOS [14], observed statically significant
excess over prediction in the νe spectrum at the energy range of 5 − 7 MeV. This
‘bump’ was linked to the reactor neutrino production process.
In this note, we give a brief introduction to reactor neutrinos, describe the basics
of two prediction methods and νe detection. We then focus on the observed anoma-
lies and mention possible explanations. We conclude with the outlook to upcoming
experiments, which are designed to shed more light on those anomalies.
2 Reactor Neutrinos
Nuclear reactors use fission of heavy nuclei to produce thermal energy. There are two
general types of reactors that differ by their fuel content. Research reactors typically
use highly enriched uranium (HEU), where almost exclusively only 235U is burned.
On the other hand, commercial reactors typically use low enriched uranium (LEU)
where the situation is more complex. There are four main isotopes whose fissions
account for 99.9% nuclear reactor power, namely 235U, 238U, 239Pu and 241Pu. In
addition, the fuel composition is changes significantly during the fuel cycle, which
is typically a few months long. While in the beginning, mostly 235U is burned, the
plutonium isotopes are building up and at the end of the fuel cycle 239Pu is the largest
contributor to the total νe flux.
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The fission products of four main isotopes are neutron rich isotopes, which undergo
a series of beta decays to reach stability. Beta decay can be schematically expressed
as ANX →AN−1 Y + e− + νe. In this processes, pure electron antineutrinos are emitted.
There are ∼6 νe’s produced per fission, which is about 2 × 1020 νe/s/GWth. This
makes nuclear reactors the most powerful man-made source of electron antineutrinos.
There are two complementary methods to predict reactor neutrino spectrum. The
idea behind the ’ab initio’ summation method it to sum over all decay branches of all
possible fission isotopes with appropriate weights to obtain the aggregate antineutrino
spectrum. The data are taken from databases. This method however has to deal with
large uncertainties for some important fission products. In addition, not all branching
ratios are known. This results in a larger uncertainty for the summation method
compared to the second one, the conversion method. Conversion method uses the
electron spectra for 235U, 239Pu and 241Pu measured at ILL [15, 16, 17] and convert
them into antineutrino energy. Later the electron spectrum for 238U was measured as
well [18]. The electron spectra for particular isotopes are intrinsically already summed
over all decays. They are then fitted by number of virtual branches. One has to make
assumptions about the shape of these branches, taking into account several aspects
such as forbidden decays, etc. It was actually the reevaulated conversion method
for 235U, 239Pu and 241Pu isotopes [12] with the calculation for 238U [13], commonly
referred to as Huber+Mueller model, which gave rise to the reactor antineutrino
anomaly. The uncertainty for the conversion method is smaller and therefore it is the
leading method used nowadays.
The primary reaction used for antineutrino detection used in ongoing experiments
is inverse beta decay (IBD) νe + p → e+ + n. This reaction has a threshold at
1.806 MeV. It is used due to its relatively large cross-section and coincidence of the
prompt signal formed by the positron and delayed neutron capture. This distinct
signature is powerful to suppress backgrounds. Moreover, the prompt energy is di-
rectly linked to the initial antineutrino energy though Eνe ' Eprompt + (1.806 − 2 ×
0.511 MeV), where the threshold and positron annihilation is reflected. This relation
is useful when reading the experimental results since those are usually shown using
prompt signal energy.
3 Reactor Antineutrino Anomaly
A number of experiments measured reactor neutrino flux at distances O(10−100 m).
While the results are consistent among experiments, the comparison with the Hu-
ber+Mueller model revealed a deficit of about 6%. The situation is graphically illus-
trated in Figure 1, where the ratios of past measurements over prediction corrected
for currently known three-neutrino oscillations are shown. With the Daya Bay re-
sult, a world average ratio R = 0.943 ± 0.008 (experimental) ± 0.023 (model) [19] is
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obtained.
This deficit in the measured flux can be in principle explained by the existence
of one sterile neutrino additional to the common three active neutrino flavors. Ster-
ile neutrinos do not participate in the weak interactions but still could take part in
neutrino oscillations. The existence of sterile neutrino, which can explain the reactor
anomaly, would imply the existence of additional mass state with the mass squared
difference ∆m2new & 1 eV2. Such a value would lead to the fast neutrino oscillations
with oscillation length ∼O, (m), whose signature would average out in current and
past detectors, due to the baseline and energy resolution. The averaging effect mani-
fests itself as mere flux deficit when a fraction of the νe’s changes flavor to sterile state.
More credibility to the existence of sterile neutrinos is added by the observation of
other discrepancies at several experiments: LSND [20], MiniBooNE [21], SAGE [22]
and GALLEX [23]. Those can be as well plausibly explained by sterile neutrinos.
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To calculate the global average independent of the
model uncertainty used by the past measurements, we
follow the method described in Ref. [62] by first remov-
ing  model from both uncertainties, and define:
 experr =
p
 2err  2model
 expcor =
p
 2cor  2model. (18)
 experr and  
exp
cor now represent experimental uncertainties
only. We then build a covariance matrix V exp such that
V expij = R
obs
i · expi,cor ·Robsj · expj,cor, (19)
where Robsi is the “ratio” column in Table 11 corrected
by the “Psur” column for the ✓13-oscillation e↵ect. R
obs
i
represents the observed rate from each measurement.
We then calculate the best-fit average ratio Rpastg by
minimizing the  2 function defined as:
 2(Rpastg )= (R
past
g  Ri) ·(V expij ) 1(Rpastg  Rj), (20)
where V  1 is the inverse of the covariance matrix V . This
procedure yields the best-fit result Rpastg =0.942±0.009,
where the error is experimental only.
Since we now use the Huber+Mueller model as the
reference model, we re-evaluate the model uncertainty
using the correlated and uncorrelated uncertainty com-
ponents given by Ref. [24, 25]. Using the weighted av-
erage fission fraction from all experiments (235U : 238U
: 239Pu : 241Pu = 0.642 : 0.063 : 0.252 : 0.0425), the
model uncertainty is calculated to be 2.4%, and the final
result becomes:
Rpastg = 0.942±0.009 (exp.)±0.023 (model) (21)
Finally, we compare the Daya Bay result with the
past global average. In the previous subsection, we ob-
tained the Daya Bay measured reactor antineutrino flux
with respect to the Huber+Mueller model prediction:
RDYB=0.946±0.020(exp.). This result is consistent with
the past global average Rpastg =0.942±0.009(exp.). If we
include the Daya Bay result in the global fit, the new
average is Rg =0.943±0.008(exp.)±0.023(model). The
results of the global fit and the Daya Bay measurement
are shown in Fig. 17.
The consistency between Daya Bay’s measurement
and past experiments suggests that the origin of the “re-
actor antineutrino anomaly” is from the theoretical side.
Either the uncertainties of the theoretical models that
predict the reactor antineutrino flux are underestimated
or more intriguingly, there exists an additional neutrino
oscillation that suppresses the reactor antineutrino flux
within a few meters from the reactor. Such an oscillation
would imply the existence of one or more eV-mass-scale
sterile neutrinos. To investigate this tantalizing possibil-
ity, future short baseline (10 m) experiments are required
to observe the L/E dependence of such an oscillation.
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Fig. 17. The measured reactor ⌫¯e rate as a function
of the distance from the reactor, normalized to the
theoretical prediction of Huber+Mueller model.
The rate is corrected by 3-flavor neutrino oscil-
lations at the distance of each experiment. The
purple shaded region represents the global aver-
age and its 1  uncertainty. The 2.4% model un-
certainty is shown as a band around unity. The
measurements at the same baseline are combined
together for clarity. The Daya Bay measurement
is shown at the flux-weighted baseline (573 m) of
the two near halls.
6 Measurement of Reactor Antineutrino
Spectrum
In this section, we extend the study from reactor an-
tineutrino flux to its energy spectrum. The measured
prompt energy spectra from the four near-site ADs were
summed and compared with the predictions. The detec-
tor response of the Daya Bay ADs was studied and used
to convert the predicted antineutrino spectrum to the
prompt energy spectrum for comparison. A discrepancy
was found in the energy range between 4 and 6 MeV with
a maximum local significance of 4.4  . The discrepancy
and possible reasons for it were investigated.
6.1 Detector Response
The predicted antineutrino flux and spectrum were
calculated via the procedure described in Sec. 2. At
each AD, the reactor antineutrino survival probability
was taken into account with the best fit oscillation pa-
rameters, sin2 2✓13=0.084 and | m2ee|=2.42⇥10 3 eV2,
based on the oscillation analysis of the same dataset [32].
The relation of the antineutrino spectrum S(E⌫¯e) and the
reconstructed prompt energy spectrum S(Ep) can be ex-
pressed as,
S(Ep)=
Z
S(E⌫¯e)R(E⌫¯e ,Ep)dE⌫¯e (22)
where R(E⌫¯e ,Ep) is the detector energy response and can
be thought of as a response matrix, which maps each an-
tineutrino energy to a spectrum of reconstructed prompt
energies. The energy response includes four main e↵ects:
the IBD prompt energy shift, IAV e↵ect, non-linearity,
and energy resolution, which are studied in the following.
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Figure 1: The ratio of observation over the Huber+Mueller model prediction of past
measurements corrected for the current knowledge of three-neutrino oscillations. The
Daya Bay measurement of R = 0.946± 0.020 (experimental) [19] is highlighted. The
global average R = 0.943 ± 0.008 (experimental) ± 0.023 (model) [19] indicates a
deficit in the measured flux. The figure does not include recent RENO result which
can be found in [24].
.
The conservative explanation of the reactor anomaly is an underestimations in
the prediction. To resolve whether there are sterile neutrinos, it is essential to ob-
serve typical L
E
dependence pattern. New precise experiments located close to the
antineutrino source are needed.
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4 Excess in the Reactor Neutrino Spectrum
The large statistics of current experiments allow testing the reactor neutrino energy
spectrum shape with unprecedented precision. The comparison with the prediction
exhibits an excess of detected antineutrinos in the energy range of 5 − 7 MeV (4 −
6 MeV IBD prompt energy). This feature was observed by several experiments [19,
25, 14, 26] and an example is shown on Figure 2. The most precise measurement comes
from Daya Bay, and has local significance of the ‘bump’ at the level of 4.4σ [19]. This
local excess cannot be explained by the existence of sterile neutrinos since those would
alter the spectrum for the whole energy range. As well as bump is not a systematic
bias related to the detector since it was not observed in other types of events such as
spallation 12B spectrum [19]. On the other hand, it was demonstrated that the size of
the excess is correlated with the reactor power [25] indicates that the culprit must be
sought in antineutrino production. Due to the fact that the bump was not observed in
any of the electron spectra used for the conversion [15, 16, 17], two implications can be
made: either the bump is coming from 238U, which is more loosely constrained than
the other isotopes, or it can come from any isotope if previous measurements were
not accurate enough. There might be a difference in the hardness of neutrons used
in the measurements with respect to that present in nuclear reactors. The impact
of different neutron energy on the final spectrum is still unclear. Either way, further
measurements are needed to identify the cause of the bump.
Figure 2: Examples of the excess of measured reactor neutrino spectrum over predic-
tion observed by the Daya Bay experiment [19] (left) and by the NEOS experiment
[14] (right).
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5 Closer Look to Reactor Antineutrino Anomaly
with Fuel Evolution at Daya Bay
The relative contribution of four main isotopes changes during fuel cycle in the LEU
nuclear reactors. While in the beginning, most of the fissions come from 235U, at the
end built-up 239Pu takes over this role. The other two isotopes have more or less a
constant contribution throughout the cycle. Since the IBD yield per fission is not
same for all the isotopes, we can expect change in the overall antineutrino flux due
to change of fuel content. Recently, Daya Bay reported a measurement of reactor
neutrino flux and spectrum with fuel evolution with unprecedented precision [27].
There is a tension between the measurement and evolution predicted Huber+Mueller
model. Although the spectrum shape evolution agrees within current experimental
precision, the evolution of total antineutrino flux does not follow the prediction, see
left panel of Figure 3. Furthermore, unique analysis of changing antineutrino flux
allowed the experiment to disentangle the contribution of the single isotopes. Daya
Bay found that there is a significant deficit between the predicted and measured
IBD yield per fission for 235U while 239Pu agrees very well with the model as shown
on right panel of Figure 3. If sterile neutrinos are responsible for reactor anomaly,
the same deficit should be observed in IBD yield for all isotopes. Since 235U has
significantly lower deficit then 239Pu, the sterile neutrino hypotheses is weakened.
The equal-deficit hypothesis as an explanation for reactor anomaly is disfavoured by
Daya Bay on 2.8σ. However, Daya Bay did not rule out sterile neutrinos completely.
For example [28, 29] shown that combination of Daya Bay and global data prefers
composite model of revisited prediction for 235U and the existence of sterile neutrinos.
Further investigation with current and upcoming experiment is needed to provide a
final solution of the reactor antineutrino anomaly.
6 Outlook
Ongoing experiments will keep improving their precision. For example, the Daya
Bay experiment is due to run until 2020, essentially doubling the statistics of the
latest analyses [11, 27] and decreasing systematic uncertainties. Nevertheless, new
short baseline neutrino experiments are needed to scrutinize the observed anoma-
lies. Several are already taking data, e.g. DANSS [30], PROSPECT [31], STEREO
[32] etc. Without loss of generality we mention the PROSPECT experiment, which
will undoubtedly play crucial role in the improvement of our current knowledge.
PROSPECT uses research HEU reactor. The experiment thus can directly test the
235U flux and test the prediction as well as Daya Bay result [19]. Moreover, the
spectrum of 235U can be studied with aim to search for the bump. The expected
sensitivity of the PROSPECT to the shape of 235U spectrum and its comparison with
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4tom panel of Fig. 1. The average effective fission fractions F¯i
for i = (235, 238, 239, 241) for the combined EH1 and EH2
ADs were (0.571,0.076,0.299,0.054).
Uncertainties in the input reactor data will result in system-
atic uncertainties in the measured IBD yields and in the re-
ported F239 values. The thermal power of each reactor was
determined through heat-balance calculations of the reactor
cooling water to a precision of 0.5%, uncorrelated among
cores [2]. Dominant uncertainties in this calculation arise
from limitations in the accuracy of water flow rate measure-
ments. Since these measurement techniques are independent
of the core composition, this uncertainty was treated for a sin-
gle core as fully correlated at all fission fraction values. Fis-
sion fraction uncertainties of  fi/fi=5% were determined by
comparing measurements of isotopic content in spent nuclear
fuel to values obtained by the APOLLO2 reactor modeling
code [2, 22]. As these comparisons do not suggest system-
atic biases in the reported fission fractions for specific burnup
ranges, fission fraction uncertainties were treated as fully cor-
related for all F239.
The fuel evolution analysis is particularly sensitive to de-
tection systematics not fully correlated in time. The stabil-
ity of the ADs’ performance in time has been well demon-
strated [20, 23]. Variations in the detector live time due to
periodic calibrations, maintenance, or data quality were cor-
rected for in the analysis with a negligible impact on sys-
tematic uncertainties. Percent-level yearly time variation in
light collection in the ADs has been corrected for in Daya
Bay’s energy calibration. Residual time variations in recon-
structed energies of order 0.2% had negligible impact on the
observed rate and spectrum variations described below. Time-
independent uncertainties in the IBD detection efficiency
were also included in the analysis; AD-uncorrelated and AD-
correlated efficiency uncertainties are 0.13% and 1.9%, re-
spectively [20].
To examine changes in the observed IBD yield and spec-
trum with reactor fuel evolution, effective fission fractions
F239 were used to group weekly IBD datasets into eight bins
of differing fuel composition, resulting in similar statistics in
each bin. For the F239 bins utilized in this analysis, the ef-
fective fission fractions (F235, F238, F239, F241) vary within
envelopes of width (0.119, 0.001, 0.092, 0.025), as illustrated
in Fig. 1. Each bin’s IBD yield per fission,  f in cm2/fission,
was then calculated based on that bin’s IBD detection rate [2].
Measured IBD yields [24], presented in Fig. 2, show a clear
downward trend with increasing F239.
The data were then fit with a linear function describing the
IBD yield as a function of F239, in terms of the average 239Pu
fission fraction F 239 given above:
 f (F239) =  ¯f +
d f
dF239
(F239   F 239). (4)
The fit parameters are the total F239-averaged IBD
yield  ¯f and the change in yield per unit 239Pu
fission fraction d f/dF239. This fit determines
d f/dF239 = ( 1.86 ± 0.18) ⇥ 10 43 cm2/fission
with a  2/NDF of 3.5/6. The statistical errors in  f values
are the leading uncertainty in the measurement, with reactor
FIG. 2. IBD yield per fission,  f , versus effective 239Pu (lower axis)
or 235U (upper axis) fission fraction. Yield measurements (black)
are pictured with bars representing statistical errors, which lead the
uncertainty in the measured evolution, d f/dF239. Constant yield
(green line) and variable yield (red line) best fits described in the text
are also pictured, as well as predicted yields from the Huber-Mueller
model (blue line), scaled to account for the difference in total yield
 ¯f between the data and prediction.
data systematics also providing a non-negligible contribution;
errors arising from assuming linear trends in IBD yield with
F239 (Eq. 4) are negligible. The fit also provides a total
IBD yield  ¯f of (5.90 ± 0.13) ⇥10 43 cm2/fission with the
error dominated by uncertainty in the estimation of the ADs’
IBD detection efficiency. This result was then compared to a
constant reactor antineutrino flux model, where d f/dF239
= 0. This model, depicted by the horizontal green line in
Fig. 2, provides a best fit with  2/NDF = 115/7. The best-fit
d f/dF239 value is incompatible with this constant flux
model at 10 standard deviations ( ).
Observed IBD yields were compared to those predicted
by recent reactor antineutrino models, generated according
to Eqs. 1 and 2. Among many available models [9, 25–27],
235U, 239Pu, and 241Pu antineutrino spectrum per fission pre-
dictions from Huber [3] and 238U predictions fromMueller et.
al [4] were used to enable a direct comparison to the reac-
tor antineutrino anomaly. The predicted total IBD yield  ¯f ,
(6.22 ± 0.14) ⇥10 43 cm2/fission, differs from the measured
 ¯f by 1.7 . This 5.1% deficit is consistent with previous
measurements reported by Daya Bay [1, 2], as well as with
the ⇠6% deficit observed in global fits of past reactor exper-
iments. The predicted d f/dF239 from the Huber-Mueller
model, ( 2.46± 0.06)⇥ 10 43cm2/fission, is represented in
Fig. 2 after scaling by the 5.1% difference in the predicted and
measured  ¯f from this analysis. This predicted d f/dF239
differs from the measurement by 3.1 , indicating additional
tension between the flux measurements and models beyond
the established differences in total IBD yield  ¯f . In particu-
lar, it suggests that the fractional difference between the pre-
dicted and measured antineutrino fluxes may not be the same
for all fission isotopes. If the measured fractional yield deficits
from all isotopes are equal, the ratio of the slope d f/dF239
to the total yield  ¯f will be identical for the measurement and
prediction. These ratios, -0.31 ± 0.03 and -0.39 ± 0.01, re-
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spectively, are incompatible at 2.6  confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2
was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as
 af =
X
i
F ai  i, (5)
where F ai are the effective fission fractions for each isotope,
and  i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation
 f = F , (6)
where  f is an eight-element vector of the measured IBD
yields,   is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a  2 test statistic
 2 = ( f   F )>V 1( f   F ), (7)
which allows a scan over the full   parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements  f .
FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission  235 and  239. The red triangle indicates the best fit  235
and  239, while green contours indicate two-dimensional 1 , 2  and
3  allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1  allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional   2 profiles for  235 and  239,
respectively.
In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was
accomplished in Eq. 7 by adding terms ( i    ˆi)2/✏2i for
238U and 241Pu, where  ˆi and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for  ˆi were taken from Ref. [4]
for 238U (10.1⇥10 43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10 43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.
The IBD yields from 235U and 239Pu,  235 and
 239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10 43 cm2/fission, respectively. Allowed regions and
one-dimensional  2 profiles for  235 and  239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
 f . The 10% uncertainties assigned to  238,241 provide a
subdominant contribution to the uncertainty in  235 and  239.
This  235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15)⇥10 43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
 235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured  239 value is consistent with the predicted value
of (4.36±0.11)⇥10 43 cm2/fission within the 6% uncertainty
of the measurement.
By applying additional constraints on  f in Eq. 7, these
 235 and  239 results were tested for consistency with hypo-
thetical f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured  235 should devi-
ate from its predicted value while  238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by  2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by  2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by   2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8  and 3.2  confidence
levels, respectively.
To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where  f =
P
j Sj , the sum of IBD yields in
all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.
Figure 3: The evolution of reactor neutrino flux expressed as IBD yield per fission as
a function of effective 239Pu fission fractio [ 7] (left). The slope of Daya Bay mea-
surement (red line) does not match the predicted evolution of Huber+Mueller model
(blue curve), which was corrected for the reactor a tineutrino anomaly effect. The
Daya Bay measured IBD yield per fission of 235U and 239Pu [27] and the comparison
with Huber+Mueller prediction model [12, 13] (right). The measurement is clearly
lower than the prediction for 235U while 239Pu is in good agreement.
several predictions is shown in the left panel of Figure 4. We have already mentioned
that there is a possibility that the bump could come from any isotope if the electron
spectra measurements at ILL suffer from having used different neutron energies. If
the bump is not observed in PROSPECT, we can rule out 235U and other isotopes
are likely its source.
Also, PROSPECT can with its segmented detector located at the distance of
7 − 12 m from the reactor search for an L
E
oscillation pattern, which would be an
unquestionable signal of sterile neutrinos. It can directly test the best fits for reac-
tor anomaly and he anomaly observed by SAGE and GALLEX, see right panel of
Figure 4. Combining with other experiments similar to what was done in [33] it can
further improve test of the sterile neutrino claims done LSND and MiniBooNE.
7 Conclusion
Reactor antineutrinos were, are and will be great tool for investigating neutrino prop-
r ies. Th era of precise measurements has revealed several deviations from our pre-
diction models, referred to as anomalies. There is a measured deficit in the overall
6
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Decreased Nominal Increased
Position Front only Movable Middle only
2.79 4.60 2.37
Position 10cm 14.6cm 20cm
Resolution 4.69 4.60 4.46
Efficiency 32% 42% 52%
3.84 4.60 5.26
Energy 3% 4.5% 20%
Resolution 4.61 4.60 4.20
Background ⇥0.33 – ⇥3
Suppression 3.92 4.60 5.00
Bin-to-Bin 0.5% 1.0% 2.0%
Uncertainty 4.69 4.60 4.30
Relative Segment 0.5% 1.0% 2.0%
Normalization 4.60 4.60 4.59
Detector 10⇥8 12⇥10 14⇥12
Size 3.23 4.60 6.02
TABLE II. The effect of varying experimental parameters
(italic) on the confidence level in the unit of s with which os-
cillations at the Kopp best-fit point can be differentiated from
the null hypothesis with one year of data-taking.
B. Precision Measurement of the Reactor ne Spectrum
PROSPECT will measure the energy spectrum of ne
emitted by an HEU reactor with a precision that ex-
ceeds previous experiments and current model predic-
tions. Between 2–6 MeV, Phase I will achieve an av-
erage statistical precision better than 1.5% and system-
atic precision better than 2%. The target energy resolu-
tion, 4.5%/
p
E, will be greater than any previous reac-
tor experiment and will allow for the detection of fine
structure in the antineutrino spectrum. In contrast to
LEU reactors where the fission fractions change as plu-
tonium isotopes are produced in the core, the simpler
HEU system allows for a more accurate evaluation of
reactor evolution and flux prediction models.
Fig. 9 shows the differences between three current
models: two based on the b -conversion method, and
one based on ab-initio calculation. To highlight the
shape differences between models, they are shown
in ratio to a smooth approximation F(E)[60]. The
PROSPECT Phase I statistical precision is shown as the
black error bars. PROSPECT will be able to discrim-
inate between these models and directly measure the
spectrum more precisely than any of the predictions.
In addition, this measurement can be combined with
those underway at LEU reactors to extract the non-
235U contribution to the spectrum. Since current LEU
measurements, and that of HEU which we propose,
are expected to have percent-level precision, differences
should be prominent and provide another route to eval-
uate and refine reactor models.
The segmented AD-I detector is designed to enhance
the spectral measurement through careful optimization
of detector uniformity and construction techniques.
The use of low-mass reflector panels, described in more
Phase I,
Phase I,
FIG. 9. (Top) Three models of the 235U ne energy spectrum
relative to a smooth approximation. The 1s error band of
the Phase I measurement including subtraction of predicted
background (error bars) and systematic uncertainties (gray
band) are shown for comparison. An energy resolution of
4.5%/
p
E has been applied to highlight accessible features.
(Bottom) Evolution of statistical error bands for 200 keV bins
from Phase I to Phase II.
detail in Sec. VA, minimizes the non-scintillating vol-
ume that could bias the detected energy spectrum.
Multiple fiducialization schemes are being studied to
determine the optimum volume selection that maxi-
mizes detection efficiency of positron annihilation gam-
mas.
AD-II is designed to achieve at least equal statisti-
cal power to that of AD-I, even at a longer baseline.
A larger target mass and improved cosmogenic shield-
ing increase the IBD detection rate without decreased
signal-to-background ratio. Both antineutrino detectors
AD-I and AD-II are comprised of identical segments,
ensuring that systematic uncertainties will be consis-
tent. Thus, all development and characterization of AD-
I will directly apply to AD-II, simplifying the combined
analysis during Phase II.
Fig. 9 shows a comparison of the statistical error
bands, assuming 200 keV binning, for each experimen-
tal phase. With Phase II, PROSPECT will achieve an
average of 1.0% statistical uncertainty throughout the
reactor antineutrino energy range. With the combined
phases, PROSPECT will have major statistical power to
resolve and probe the spectral anomaly region and di-
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FIG. 8. (Top) PROSPECT Phase I and Phase II sensitivities
to a single sterile neutrino flavor. Phase I probes the best-fit
point at 4s after 1 year of data taking and has>3s reach of the
favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5s coverage
over the majority of the parameter space below Dm214⇠10 eV2.
Daya Bay exclusion curve is from [57]. (Bottom) Increase in
oscillation sensitivity to sterile neutrinos during Phase I by
operating AD-I at two positions instead of at the front or mid-
dle position only.
Parameter Value
Reactor
Power 85 MW
Shape Cylinder
Size 0.2 m r ⇥ 0.5 m h
Fuel HEU
Duty cycle 41% reactor-on
Antineutrino Detector 1 (AD-I)
Cross-section 1.2⇥1.45 m2
Proton density 5.5⇥1028 p/m3
Total Target Mass 2940 kg
Fiducialized Target Mass 1480 kg
Baseline range 4.4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/
p
E
S:B Ratio 3.1, 2.6, 1.8
Closest distance 6.9 m, 8.1 m, 9.4 m
Antineutrino Detector 2 (AD-II)
Total Target Mass ⇠10 ton
Fiducialized Target Mass ⇠70%
Baseline range ⇠4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/
p
E
S:B ratio 3.0
Closest distance 15 m
Operational Exposure
Phase I 1, 3 years
Phase II 3 years
TABLE I. Nominal PROSPECT experimental parameters.
Phase I consists of operating AD-I for three years split
between front, middle, and back positions. Phase II adds
AD-II at a longer baseline and operates both detectors for
three additional years.
achieved with Phase II is also shown: after 3 additional
years of operation essentially all parameter space sug-
gested by ne disappearance data below 10 eV2 can be
excluded.
The dependence of the sensitivity on experimental
parameters is examined in Table II. These results clearly
validate the design focus on background rejection and
maximizing target mass, while also highlighting the
value of covering the widest possible baseline range via
movement of AD-I. The increase in sensitivity afforded
by the expanded L/E coverage gained though AD-I
movement is further illustrated in the bottom panel of
Fig. 8. Although the signal decreases as the inverse of
r2, the gain from L/E coverage surpasses the loss due
to reduced signal when the detector is operated equally
at two positions. It must be noted that for the sensitiv-
ity calculation shown this gain is purely from the im-
proved L/E coverage. Moving the detector also gives
a better control of correlated and uncorrelated system-
atic biases, which can be expected to further increase
the sensitivity. The ultimate choice of positions will be
guided by the demonstrated S:B at various baselines.
Figure 4: The expected sensitivity of the PROSPECT [31] to the shape of 235U spec-
trum and comparison with several prediction models (left). The expected sensitivity
of the experiment to the sterile neutrino mixing [31] (right).
flux as well as in the particular flux of 235U and there is excess in the reactor antineu-
trino spectrum in the energy range of 5−7 MeV. Current and upcoming experiments
will provide more information in the near future. The ultimate resolution of these
anomalies will either result in the discovery of new physics or in a revision of our
prediction models. In both cases a bright future lies ahead full of new interesting
results.
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